Abstract-Functional electrical stimulation (FES) has been applied to restore or maintain the muscle activity of paralyzed patients who suffer from spinal cord injuries and related neural impairments for several decades. In this paper, a direct-synthesized arbitrary waveform stimulator for multichannel FES applications is described. A novel element-envelope method is proposed for flexible waveform generation and implemented by a digital signal processor based system. We also designed an output circuit that can provide bi-phasic, voltage-controlled, constant-current outputs while keeping high-voltage compliance and wide signal bandwidth. High time-resolution and arbitrary stimulating waveforms can thus be synthesized, and more flexible closed-loop feedback controllers can be achieved. The proposed stimulator can be considered as a full-featured electrical stimulator for various FES applications with its flexibility in pattern generation and feedback processing capabilities.
I. INTRODUCTION

E
LECTRICAL stimulation is employed to cause excitation of nerve cells or muscle fibers. Since the primitive experiment of frog legs in 1791 by Galvani, it has been applied in various clinical treatments and physiological research, such as pain relieving, muscle strengthening, cardiac pacing, iontophoretic drug delivery, and functional electrical stimulation (FES) [1] , [2] . FES is a methodology to activate multiple muscles electrically in a coordinated sequence. For the past two decades, FES has been applied to restore or maintain muscle activities of paralyzed patients who suffer from spinal cord injuries and related neural impairments. Electrical stimulators are essential in FES for eliciting electrical stimulation. Numerous electrical stimulators have been developed for various FES applications, from the simplest stimulators with a single channel, to the most complex ones with programmable multichannels [3] - [8] . Computer-controlled or microcontroller-based programmable stimulators with multichannel outputs are necessary to develop complex schemes of muscles [3] , [6] , [7] . In recent years, portable stimulators have played an important role in clinical studies for better patient acceptance [4] - [6] .
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As illustrated in Fig. 1 , an electrical stimulator system is functionally divided into four blocks, a command interpreter, a pattern generator, a driving stage, and a feedback controller. The command interpreter receives instructions from patients or physicians and then translates the instructions into a series of parameters for pattern synthesis. The parameters include pulse-shape, activating duration, stimulating frequency, amplitude and inter-pulse duration. The pattern generator synthesizes pulse-like waveforms according to the parameters from the interpreter. It is the core of an electrical stimulator. Some stimulators simply generate waveforms by triggering or programming general pulse-signal generators. However, such stimulators lack flexibility because some important pattern parameters, such as pulse amplitudes and inter-pulse duration, cannot be altered, and the shape of stimulating patterns is always limited to square waveforms. Augmented circuitries are then proposed to adjust pulse amplitudes or to generate complex waveforms [6] , [7] . Some digital-to-analog converters (DACs) are utilized to generate FES stimulations based on pre-installed waveforms. However, the memory requirement of such a system is tremendous for waveform storage. For example, if a one-minute stimulation is conducted in a four-channel FES stimulator and the waveforms are synthesized with 20 s sampling interval, the memory usage will be up to 12 megabytes with an 8-bit DAC. Stieglitz et al. [9] proposed a multi-resolution method to reduce memory requirement, but it remains a big problem.
The driving stage acts as a constant-current or a constant-voltage source to pull up the electrical pulses so that nerves and muscles can be excited. The constant-current sources are more prevalent than the constant-voltage sources in the FES stimulators due to inevitable variations of tissue impedance [10] , [11] . The constant-current stimulation provides more predictable responses, but a high voltage ( 100 V) might be induced from the tissue when a large current ( 50 mA) is applied to high impedance tissue ( 2 k ). The high voltage may cause the driving stage dysfunction. Therefore, a constant-current source must tolerate enough voltage operating range, to have high-voltage compliance. Besides, a constant-current source should provide bi-phasic outputs to prevent electronic charge accumulation, which is harmful to tissues. Bi-phasic waveforms balance the accumulated charges and are also beneficial for efficient stimulation [1] . In recent studies, complex waveforms, such as quasitrapezoidal waveforms, are considered for selective stimulation of nerve fibers for more precise activation of muscles [12] . A constant-current source should then be flexible to generate complex electrical waveforms. Operational amplifiers and transistors are usually used to design the constant-current sources. The Holland architecture and its enhanced versions are most often adopted in electrical stimulators because of their bi-phasic and linear voltage-to-current conversion [13] . However, they need large and high-precision resistors. Large resistors may cause self-oscillation from the feedback path. The Holland architectures also need to select high-voltage and high-power op-amps to achieve high-voltage compliance [8] . High-voltage transistors are the alternatives for the constant-current sources [14] , [15] . Nevertheless, such transistors suffer from their inherent variations of device parameters that make the output unreliable and unstable.
The feedback controller is used to compensate for the loss of natural feedback in paralyzed patients. A suitable feedback should be provided for the individual functional purpose. Mechanical types of feedback like angles, positions, forces, and biological feedback like evoked electromyography (EMG) are the potential candidates. Several feedback controllers have been successfully proposed, such as PID controllers [16] , artificial neural network controllers [17] , and fuzzy controllers [18] . In a PC-based stimulator, some digital or analog signal-acquisition peripherals are used to collect feedback, and the feedback controllers are implemented by programming languages. Based on the selected feedback and feedback controllers, some pattern parameters of stimulated waveforms are modified and the pattern generators receive the commands and synthesize the required waveforms.
As discussed above, although several electrical stimulators have been developed for laboratory or clinical applications, they are usually confined to specific applications due to insufficient features. In this paper, a versatile direct-synthesized multichannel arbitrary waveform stimulator is proposed to be a flexible instrument for various FES studies. A novel pattern-generation algorithm is presented to synthesize flexible and programmable patterns. The algorithm reduces the memory requirements and preserves its ability for feedback control. A new constant-current source was also designed to overcome the operational limitations of traditional driving stages. The constant-current source can provide enough high-voltage compliance and linear current output. Analog and digital feedback interfaces were included in the proposed arbitrary waveform stimulator, and all the signals can be directly handled or sent back to host a computer for later analysis. The feedback controller was easily implemented by the digital signal processor (DSP). For safety, the electrical isolation circuits for power and signal were considered to prevent the patients from serious electrical shock. Furthermore, the electrical isolation also suppresses artifacts when acquiring EMG feedback [14] . A Windows-environment host program was also developed to facilitate the usage of the proposed electrical stimulator.
II. SYSTEM DESIGN
The novel waveform generation and special driving stage design featured the proposed versatile direct-synthesized multichannel arbitrary waveform stimulator. 
A. Waveform Generation
A novel "element-envelope" method was proposed to synthesize stimulation patterns. It took advantage of the pseudo-period characteristic of stimulation patterns. A series of electrical pulses constructed a stimulation pattern, and the parameters of a pulse determined the stimulation modes, such as pulse-amplitude modulation (PAM), pulse-width modulation (PWM), and pulse-frequency modulation (PFM). The "element" stands for a single pulse-like signal while the "envelope" stands for the samples of the pattern profile. As illustrated in Fig. 2 , an element and some envelope points are combined to build the required patterns. One element is composed of several samples, and the sampling interval is 50 s, which is adequate for neuromuscular stimulation applications. The sample numbers with positive value determine the duration of stimulating pulse, and sample numbers of one element determine the stimulating frequency. The PWM and PFM can then be easily programmed. The amplitude of each sample in one element is stored in relative value (percentage to the maximum output). After multiplied by an envelope sample, the absolute amplitude of the element is determined. In our system, the profiles of stimulation patterns were sampled at 100 Hz, i.e., the amplitude of elements updated every 10 ms. This proposed method only records the information of one element and the samples of the envelope instead of sampling all the stimulation patterns, which may waste a lot of memory storage.
With the proposed element-envelope method, the waveforms can be generated in real-time. In a multichannel stimulator, the computation is extremely high. Therefore, a DSP with its powerful computing capabilities (TMS320C32, Texas Instruments) was chosen to generate the patterns. The system block diagram of the proposed arbitrary waveform stimulator is illustrated in Fig. 3 . There are additional peripherals embedded in the DSP chip, including two timers, one serial port, and two direct memory access (DMA) coprocessors. The DSP has built-in random-access memory (RAM) of 4096 bytes. It also includes external RAM of 1024 kilobytes and flash read-only memory (ROM) of 128 kilobytes for data storage and program, respectively. A 16-bit dual-channel digital-to-analog converter (DAC725, Burr-Brown) was connected to the DSP to generate voltage patterns. Two 16-bit ADCs (ADS7815, Burr-Brown) were also used to acquire analog feedback signals. The DAC and ADC channels were expanded to 4 channels respectively by two analog multiplexers (CMOS 4051). The DSP communicated with the host computer via a universal asynchronized receiver/transmitter (UART) (SCN2681, Philips) and a voltage level-shifting interface (MAX232, Maxim). To collect discrete feedback signals and to synchronize pattern outputs with other instruments, 32 general-purpose I/O pins were also designed.
As illustrated in Fig. 4 , we modularized the DSP firmware into three layers: an application layer, a data-manipulating layer, and a device driver layer. The device driver layer handled all hardware interfaces, including serial communication, DACs, ADCs, and discrete I/O pins. The data-manipulating layer is composed of various buffers for the element and envelope samples, controlling parameters, synthesized patterns, feedback signals, and communication messages. The application layer, including signal processing and feedback control tasks, determined the actual function of the system. The data-manipulating layer provided a proprietary application interface (API) to the application layer. After designing required patterns in the host PC, the element information, envelope samples, and a series of parameters were sent to the buffers in the data-manipulating layer. Then the user could start the system by sending the START commands. When the system was running, a timer interrupted every 10 ms, and the device driver layer fetched the element information, an envelope sample and required parameters from the buffers to construct stimulation patterns. The system timer coordinated all the tasks in the application layer. There was another timer, interrupting every 50 s, to control the time resolution of stimulation patterns and feedback signals. An embedded feedback controller executed a signal-processing task to deal with the features of the feedback signals. The controller then modified the pattern parameters in the buffers according to the features and generated the new stimulation patterns. The feedback controller modified the stimulation pattern at a rate of 100 Hz. 
B. Driving Stage Design
The proposed multichannel arbitrary waveform stimulator chose constant-current sources to be the driving stage. For flexible stimulation, we designed a new constant-current source that could provide linear voltage-to-current output with high voltage-compliance. It was basically a Holland architecture with a Wilson current mirror. The schematic of the current source is illustrated in Fig. 5 . The resistor ( ) simulates the human tissue, which typically ranges from 500 to 2000
. The circuitry architecture is vertically symmetric. The upper circuitry supplies current to the load ( ), while the lower circuitry sinks current from the load. When the input simulation voltage ( ) is positive, and sink current ( ) from . The Wilson current mirror ( , , and ) generates the identical value of induced current to the load. The output current can be simply adjusted by and is linearly proportional to the input voltage (1) The lower circuitry provides the same operations. The output current is determined by the following equation (2) The current mirror changed the direction of output current so that we could supply current to or sink current from the same load. Because the output current might change when the load varied, we chose the Wilson current mirror for better stability of current output. The stability to load variation was achieved due to the very large output resistance of the Wilson current mirror. When all the transistors had the same current gain with the input current , then the output current of the current mirror was
Moreover, general current mirrors are very sensitive to unmatched of transistor pairs and variations. Unpredictable current outputs will then be generated when different transistors are selected or when the temperature changes. Therefore, we modified the Wilson current mirror by adding two pairs of 10 resistors ( , , , and ). This further stabilized the current output while making the system more reliable.
The required voltage compliance of the circuitry was figured out by multiplying the largest load with its maximum current output. In FES applications, the stimulation current typically ranges from 0 to 100 mA, and the impedance of human tissues is typically 500 . Therefore, the required voltage compliance should be up to 50 V. Because the stimulation currents might run through other components, the resulting operational range for voltage swinging will be decreased. In the Holland architecture, the voltage compliance is half of the voltage supply due to an identical op-amp pair in the circuit. This may reduce the operational range, and a higher voltage supply is necessary. In the proposed constant-current source, the voltage compliance was determined by (4) (4) 
C. User Interface
The proposed multichannel arbitrary waveform stimulator was controlled by a host computer via the RS-232 interface at 19 200 baud rate with a proprietary protocol. The host computer sent commands to the stimulator for generating required waveforms and received responses from the stimulator for acquiring feedback signals. There were two command groups in the protocol. The commands in the action group were designed to start or to stop the required channels, and those in the data group were used for exchanging waveform data or feedback information. All the commands were started with a header byte in order to identify the beginning of each command. Two different header bytes were designed for the action group and the data group. Because there were several commands in each group, the second byte was utilized for defining functions. Besides the header byte and function byte, there were various amounts of data bytes for each function. Some commands also included a check-sum byte in case there were communication errors that may cause the simulator malfunction. For reliable communications, a handshake mechanism was adopted. After sending a command, the host computer must wait for the acknowledge response before the next commands could be transferred. If there was no response in a default time-out or the acknowledge response showed any error, the host computer would send the command again and alert the user. For facilitating pattern design as well as stimulator control, a Windows-based software developed by Borland C++ Builder V1.0 was executed on the host computer to provide a friendly interface to generate the required stimulation patterns. The software provided an intuitive design tool for implementing the waveforms and all the action buttons for each channel. The system configuration and the parameters could be saved or retrieved.
D. Electrical Safety Considerations
Electrical safety should be taken into serious consideration in biomedical instruments. Because the proposed stimulator might apply high voltage to patients, we utilized several tactics to ensure electrical safety. First of all, the system was isolated from the mains power via an isolated transformer. The driving stages were powered by 9 V alkaline batteries, and the DC-DC converters were used for high-voltage stimulation. The chassis of the stimulator was hardwired to earth ground. We also used an optical-isolated amplifier (ISO-122, Burr-Brown) for input signals in the driving stages. This will prevent the patient from being shocked even if the system or the power fails. When the host computer communicates with the stimulator, the RS-232 cable must be used for information exchange. To prevent the danger due to the PC failure, several optical switches (PC-817) were attached to the cable. This further ensures the patient safety. A patient-controlled cutoff button was designed in the stimulator for an emergency stop. When the button is pushed, all the channels are disconnected and the load currents are shunted by low impedance loads. The patient can thus stop the channel when painful shock happens.
III. RESULTS
The specifications of the proposed versatile direct-synthesized multichannel arbitrary waveform stimulator are summarized in Table I . Four independent stimulation channels can be programmed to generate arbitrary FES stimulations with sampling interval of 50 s. The driving stages were implemented by inexpensive components. The stability to human tissue variation was simulated and tested by the load resistors ranging from 500 to 2000 with 100 mA current output. The current output variation is less than 0.5%, which is much smaller than that of the other referred transistor-based constant-current sources. The driving stage also shows its linear voltage-to-current capability. Fig. 6 shows an original quasitrapezoidal stimulation voltage and its associated current stimulus under 20 mA maximum current output. The upper signal is the original quasitrapezoidal waveform, and the lower signal is the measured voltage swing via a 100 load resistor.
Many groups in Taiwan and the U.S. have evaluated the stimulator for implanted or external FES applications, including shoulder joint control, pedaling wheelchair system, and gastric function restoration. A typical application to design the parameters of an element, such as pulse duration, period, and bi-phasic compensation, is illustrated in Fig. 7 . The envelopes of multiple channels are determined separately in four windows (channel 1 channel 4) as shown in Fig. 8 . The envelopes can be designed by pre-defined profiles, such as exponential or triangular patterns, or by dragging the mouse to draw arbitrary profiles. The information of the element and the envelopes can be saved as files and then be loaded later. Users can also design complex patterns by mathematical software, such as MATLAB, and then save the results into files with a proprietary format. By transmitting the parameters of the element and the envelopes to the buffers, two buttons, START and STOP, are utilized to control the stimulator's operation. The users can start the four channels simultaneously or individually.
IV. DISCUSSION AND CONCLUSION
A versatile direct-synthesized multichannel arbitrary waveform stimulator was successfully developed and evaluated. The stimulator is suitable for various kinds of FES applications, both for experimental and clinical studies. The system shows great flexibility because a powerful DSP was used to synthesize waveforms by the proposed element-envelope method. The DSP generates waveforms dynamically according to the parameters sent from the host program or feedback controllers. Because the DSP processes the waveforms for each channel concurrently, the current stimulator is a trade-off between waveform resolutions and channel numbers. A more powerful DSP will be necessary for more channels or higher resolution. For DSP firmware compatibility, the TMS320VC33 DSP (also from Texas Instruments) is a suitable candidate for a next generation stimulator. It has at least three-fold computing power compared to the TMS320C32 adopted in our current stimulator.
A novel constant-current source for the electrical stimulation was also designed in the proposed stimulator. It provided bi-phasic and linear voltage-to-current stimulation with highvoltage compliance. The excellent linearity is essential for a complex electrical stimulation. The constant-current source has many other additional features, including high bandwidth, reliability, and simple architecture. Furthermore, it is easy to be implemented because no special components are required. For typical FES applications, the necessary voltage compliances range from 100 V to 300 V. In the novel constant-current source, the collector-emitter breakdown voltage of the transistors determines its voltage compliance. Such transistors are inexpensive and commercially available. The constant-current source also shows great reliability to temperature and stability to load variations. The stability to load variation can be further enhanced by choosing transistors with larger current gain . The operation speed of the driving stage is another issue for the electrical stimulators, and it is determined by the slew-rate of the OP in the proposed stimulator. For typical FES applications, the slew-rate of the general-purpose OP is sufficient to provide the necessary operation speed of the driving stage.
To make the proposed stimulator more flexible and friendly, we designed a communication protocol and implemented a special command set. With the command set, a host computer can directly control the stimulator via the standard RS-232 interface. We also designed a friendly user-interface installed on the host PC, and allowed users to enter stimulating parameters or to drag the mouse to implement the required patterns. The communication protocol also demonstrates its compatibility with other software. For example, we have successfully used the LABVIEW software to control our stimulator. The compatibility is very important, because it allows users to design their own user interfaces under different software environments. Closed-loop FES systems can also be implemented easily. The controller can be programmed in the DSP or in the host computer via feedback commands. After being manipulated by the integrated feedback controller, parameters in the buffers are adjusted and then the stimulation patterns are modified. Because the pattern generator and the feedback controller are both programmed in the DSP, the proposed stimulator can be applied to various FES applications by modifying the firmware. 
